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Introduction
β-thalassaemia (β-Thal) is an inherited chronic haemolytic anaemia resulting from absent or low level of synthesis of β-globin chains of haemoglobin A in erythropoietic cells [1] . The clinical manifestations of β-thalassaemia are extremely varied, spanning a broad spectrum from the transfusion-dependent state of β-thalassaemia major (β-TM) to the asymptomatic state of thalassaemia trait. The clinical syndrome of β-thalassaemia intermedia (β-TI) lies between these two clinical extremes. It comprises a wide spectrum of phenotypes from a condition that is slightly less severe than β-TM to one that is asymptomatic and often identified through a routine blood test [2] . The excess α-globin tetramer formation and interaction with the red cell membrane lead to haemolytic anaemia and hyperplasia of erythroid precursors [3] . Other mechanisms have been reported to be responsible for red cell lysis besides this mechanism, and to aggravate the haemolysis in β-Thal patients [4] .
The complement system is an important part of innate immune response that may be implicated in red blood cell (RBC) lysis. Mammalian cells are provided with surface-bound complement regulatory proteins (MCRPs) that regulate the activation of complement cascade, thus protecting them from uncontrolled complement-mediated lysis [5] . Decay accelerating factor (DAF, CD55) is a membrane-bound regulatory protein that downregulates the complement cascade at the critical step of C3 activation. Failure to regulate C3 and C5 convertase enzymes allows cytolytic membrane attack complex (MAC) to be generated on the surface of cells [6] . CD59, a membrane-bound complement regulatory protein, prevents MAC formation by inhibiting the incorporation of C9 [7] . Another membrane-bound protein CD35 (Complement receptor 1) is very important for processing and clearing complement opsonised immune complexes and acts as a negative regulator of the complement cascade, mediates immune adherence and phagocytosis, and inhibits both classical and alternative pathways. It plays an important role in the removal of immune complexes and pathogens coated with C3b and C4b.
CD35 presents C3b or C4b to protease to cleave them and stop the cascade of activation [8] . Decreases in complement regulatory protein (CrP) levels may predispose RBCs to destruction by complement activation, thus contributing to the development of anaemia [9] . Complement regulatory proteins are absolutely required to protect RBC from spontaneous complement damage, and CrP deficiencies render RBC more susceptible to complement damage [10] .
In the present study, aimed at understanding the pathogenesis of anaemia in β-Thal, we analysed the level of expression of CD55, CD59, and CD35 on peripheral RBCs by flow cytometry.
Material and methods

Subjects
This study was conducted on a total of 70 patients at the Thalassaemia Centre of Antalya Education and Research Hospital, Antalya, Turkey. Transfusion-dependent and multi-transfused β-TM and β-TI patients aged 18-45 years were included in the study. Three with Hb S/β-thalassaemia were excluded from the final analysis. The control group consisted of 17 healthy subjects aged 18-45 years. Patients were previously diagnosed as β-Thal by clinical and laboratory examinations including high performance liquid chromatography (HPLC). They were classified as 47 β-TM and 20 β-TI phenotypes. The following criteria were used for the diagnosis of β-TI: a transfusion history of more than two years at the time of diagnosis, less than eight units of transfusion per year, and a pre-transfusion haemoglobin level of more than 7 g/dl. These patients were seen during their routine follow-up visits at the outpatient clinic, and a detailed history was taken from all patients regarding age, time of the first blood transfusion, time of the last transfusion, frequency of transfusions, and other information concerning the patient's status. β-TM patients received blood transfusion according to their blood counts (15-30-day intervals) whereas β-TI patients received blood transfusion as needed, not at regular intervals. Eight patients were diagnosed with diabetes mellitus, 11 patients had cardiac valvular problems, and 47 patients had osteoporosis. Peripheral blood samples were collected in K2-EDTA vacutainer tubes just before receiving the transfusion. The analyses were carried out promptly, including a complete blood count (CBC) that was performed for all patients and control subjects using a haematology analyser (Coulter LH 780 Analyzer, Beckman Coulter). This study was performed with the approval of the Ethics Committee of the Education and Research Hospital, Antalya, Turkey. All subjects were informed about the objectives and procedures of the study, and informed consent was obtained from each subject.
Flow cytometric analysis of CD55, CD59, and CD35 on the cell membrane of red blood cells (RBC)
The EDTA blood sample was processed within one hour. The blood sample was diluted with phosphate-buffered saline (PBS) to achieve 10,000 RBC/μl concentration. Then 100 μl of diluted blood was transferred to a polystyrene tube, and to each polystyrene tube 10 μl of monoclonal antibodies against CD55 (PE Mouse Anti-Human), CD59 (FITC Mouse Anti-Human), and CD35 (PE Mouse Anti-Human) were added. After 30 minutes of incubation in the dark at room temperature, samples were washed two times with PBS. Finally, the pellet was resuspended in 0.5 ml PBS and cells were analysed in a flow cytometer (FACS Canto II, Becton-Dickinson).
Statistical analysis
For data description, maximum, minimum, mean, standard deviation (SD), and median were tabulated. The Shapiro-Wilk test was used to verify the normality of the distribution of continuous variables. Statistical analysis of clinical data between two groups (control vs. patients) consisted of unpaired t-tests for parametric data and Mann Whitney U test analysis for nonparametric data. Analyses were performed with PASW 20 (SPSS/IBM, Chicago, IL, USA) software, and a two-tailed p-value less than 0.05 was considered statistically significant.
Results
There was no statistically significant difference regarding age and gender between β-TM patients, β-TI patients, and the control group. The patients had been previously diagnosed by clinical and laboratory examinations including HPLC and complete blood count. The haematological parameters of the patients and controls are summarised in Table 1. The levels of CD55, CD59, and CD35 expressions on peripheral blood erythrocytes by flow cytometric analysis were compared between three groups, β-TM patients, β-TI patients, and control groups, as shown in Table 2 . The overall (mean ± SD) percentage of CD55-positive RBCs of β-TM patients was significantly lower (58.64 ±17.06%) than for the β-TI patients (83.34 ±13.83%) and healthy controls (88.57 ±11.69%) (p < 0.01). The overall mean percentages of CD55-positive RBCs of β-TI patients and healthy controls were not significantly different. The overall mean percentages of CD59-positive RBCs of β-TM patients (97.08 ±7.81 %) and β-TI patients (93.52 ±4.38%) 
Discussion
Chronic transfusions are the mainstay of treatment for patients with severe β-TM. Iron overload is a major source of morbidity and mortality in both transfusion-dependent and non-dependent thalassaemia patients necessitating iron chelation therapy. Iron overload contributes to increased risk of cirrhosis, heart failure, and endocrinopathies, while ineffective erythropoiesis and haemolysis contribute to multiple complications including splenomegaly, extramedullary haematopoiesis, pulmonary hypertension, and thrombosis [11] . Haemolysis is a common feature in patients with β-TM. Ineffective erythropoiesis and haemolysis leads to the conspicuous anaemia seen in the β-TM, which can be corrected with repeated blood transfusions [12] .
Normal cell membranes express CrPs that regulate activation of the complement system and provide essential protection against self-damage [13] . Many studies show that CrPs may play an important role in protecting RBC from destruction through the activation of complement [9] . A number of haemolytic disorders are caused by mutations and/or autoantibodies that inactivate CrPs and mutations that directly activate the complement cascade [10] . CD55, CD59, and CD35 proteins on the cell surfaces block complement activation. Loss of these proteins makes the blood cell susceptible to haemolysis [14] . There are studies of CD55, CD59, and CD35 levels in diseases having a haemolytic course, such as malaria, paroxysmal nocturnal haemoglobinuria, and autoimmune haemocytopaenia [15] [16] [17] .
Haemolysis and related complications play a very important role in β-TM patients, but studies about cascade system aiming to understand the aetiopathogenesis of the haemolysis are fewer in number. Most of the present studies are related to CD55 and CD59 levels [18] , but there are no data about CD35 levels in β-TM patients.
In this study we measured CD35 levels as well as CD55 and CD59 levels. CD55 levels of β-TM patients were significantly decreased compared to β-TI patients and healthy controls. CD59 levels of all of the patients were not significantly different than for the control group, but CD35 levels were significantly lower in the β-TM patients and β-TI patients compared to the control group.
Obaid et al. found that expression of CD55 on the RBCs of β-thalassaemia patients was diminished below that of healthy controls, while CD59 was not affected, in a study held in 32 β-thalassaemia patients (21 β-TM and 11 β-TI) [18] . We also found that while the level of expression of CD55 is significantly low in β-TM patients, that of CD59 is within normal range. Because CD35 expression was not studied in β-TM patients previously, we think that our study draws attention to the role of the complement system in the aetiopathogenesis of thalassaemia due to the low level of expression of CD35 detected in our study.
CD55 prevents C3 and C5 activation through all complement pathways by inhibiting formation and accelerating decay of C3/C5 convertases of both the classical and alternative pathways [19] . Alegretti et al. showed decreased CD55 and CD59 expression on RBCs of SLE patients with nephritis [13] . DAF deficiency led to a significantly increased incidence of proliferative glomerulonephritis [20] . The CD35/CR1 for C3b of erythrocytes has already been shown to bind complement-activating bacteria, viruses, and immune complexes, and deliver immune complexes to the fixed macrophages of liver and spleen [10] . CR1 is a receptor for both C3b and C4b and plays an important role in the removal of immune complexes coated with C3b and C4b [21] . Barros et al. showed that the expression of CD47 on RBCs of patients with warm autoimmune haemolytic anaemia is not different from that seen in healthy individuals. In addition, they detected that patients with active warm-type auto immune haemolytic anaemia present lower expression of CD59 and normal expression of CD35 and CD55 on their RBCs [17] . Somatic mutation in PIG-A gene causes a deficiency of glycosylphosphatidylinositol (GPI), a glycolipid that anchors these proteins onto the cell membrane. Lack of GPI causes loss of CD55 and CD59, leading to excessive destruction of red cells in PNH [22] .
In β-Thal, RBC destruction is related mainly to the changes occurring in the cell membrane, which can activate the complement deposition on RBCs [23, 24] . In addition, elicited auto-antibodies against the red cell membrane will sensitise RBCs and make them ready to be lysed via the reticuloendothelial system. Complement activation on the RBCs causes cell lysis, but these cells have regulator proteins that prevent lysis [25] . β-TM patients require frequent blood transfusions to live. Blood transfusion causes the transmission of autoantibodies of the donor to the recipient. Complement cascade is activated via autoantibodies in transfusion-dependent β-TM patients. Particularly functions of CD35 include control of complement activation and the clearance of immune complexes [26] . In this study, we found that CD35 and CD55 levels were significantly lower in β-TM patients. Because CD35 and CD55 expressions are low on the surface of RBCs, activation of complement cascade is not regulated and haemolysis occurs. The reason for the low level of CD35 and CD55 may be a genetic defect related to synthesis of the synthesis of the proteins. There are more than 300 gene mutations defined in β-Thal patients in the literature [27] . Some of these mutations may alter the synthesis of CD35 and CD55 in the erythrocytes. The two red cell surface complement regulators, CD55 and CD59, are GPI (glycosylphosphatidylinositol)-linked proteins [28] . In our study the CD55 expression on the RBCs of β-TM patients was diminished to below that of the healthy controls, with a statistical sig- Fig. 2 . Dot plot results of erythrocytes analyzed by flow cytometry. Red blood cells were gated on the basis of their forward and side scatter. Dot plot showed CD35 PE, CD59 FITC and CD55 PE expression on the gated RBCs of β-TM patients nificance, while CD59 was not affected. This indicates that the affected cells have normal GPI-anchored type 1 surface proteins, and consequently they were not PNH clones. The mean number of CD35 molecules expressed on the RBC surface varies between individuals, typically between 50 and 1500 CD35 molecules/RBC. Factors determining the variation in RBC CR1 expression are not fully understood, but are proposed to be both genetic and acquired [29] . Opi et al. found that CD35 levels are low on the surface of erythrocytes in patients with α-thalassaemia. Also, it was stated that the low level of CD35 is related to the MCV value of these patients [30] . We conducted our study in β-Thal patients. The MCV value is lower in β-Thal patients compared to the healthy population. The MCV value was found to be significantly lower in both β-TM and β-TI patients compared to the healthy population, consistent with the literature. Another reason for the low level of CD35 may be the low MCV value in our study. It remains unclear whether microcytic RBC synthesis is due to lower amounts of CR1 in β-Thal than normal cells, or whether some CR1 is lost, for example, through exocytosis of membrane vesicles during normal RBC ageing, as well as by proteolysis, as described above. Increased vesiculation has been documented in α + thalassaemia RBCs, which might therefore provide a mechanism for CR1 loss. Also, changes caused by excess α-globin tetramers on erythrocyte membrane may lead to low levels of CD35 and CD55 on the erythrocytes. We think that studies concerning the synthesis and destruction of CD35 and CD55 proteins will provide a positive effect on the prognosis of β-TM. In conclusion, β-TM patients suffer from increased haemolysis and a consequent increase in their demand for transfusion. Complement-mediated haemolysis was indicated in our study by underexpression of CD55 and CD35 in β-TM patients. This permits complement deposition on RBCs and enhances or accelerates their lysis. Low levels of CD55 and CD35 in β-TM patients indicate a role for them in the aetiopathogenesis of haemolysis in this disease, and also this defect in the complement system may be responsible for the chronic complications seen in these patients. Detailed studies at the molecular level are needed to clarify the process under which the low expression is happening. 
